This study assessed the distributions of NP, OP, BPA, and NP2EO in the water, sediment, and Carex cinerascens of Poyang Lake wetland. The four PEDCs were ubiquitous. The concentrations of NP and OP in the water and sediment of the wetland were significantly lower than those in other regions of China. Average BPA concentrations in the water, sediment, and Carex cinerascens samples were 40.49 ± 18.42 ng/L, 9.840 ± 3.149 ng/g, and 3.25 ± 1.40 ng/g, respectively; the BPA concentration in the water was similar to that of other rivers in China. Average NP2EO concentrations in the wetland were 3125.9 ± 478.1 ng/L, 650.0 ± 209.9 ng/g, and 275.8 ± 59.0 ng/g in the water, sediment, and Carex cinerascens samples, respectively. The predicted no-effect concentrations in sediment for NP, OP, BPA, and NP2EO were estimated to be 75.41, 45.25, 8.22, and 237 .5 ng/g, respectively. The risk quotient (RQ) method was used to characterise the ecological risk from these PEDCs. A high ecological risk (RQ ≥ 1) from BPA was observed for 0%, 57.69%, and 5.00% of water, sediment, and C. cinerascens samples, respectively, while a high risk from NP2EO was observed for 71.43%, 96.15%, and 55.00% of samples. Ecological risk varied spatially. The high ecological risk from NP2EO in Poyang Lake wetland may be a result of non-point pollution from rural areas and sewage from Poyang Lake basin.
Province and its water level fluctuates considerably between the dry (from October to March) and wet seasons (from April to September). Poyang Lake is the only member of the International Living Lakes Network in China and is one of the most important ecological zones in the world (http://www.jxpoyanglake.gov.cn). The wetland is the largest winter migratory bird habitat in East Asia, hosting more than 500,000 migratory birds belonging to 105 species in 2016 and more than 95% and 80% of the global Grus leucogeranus and Ciconia boyciana populations, respectively. Carex cinerascens is the dominant species in the Poyang Lake wetland, with coverage between 63.27-100%. This species provides good wild pasture for cattle, sheep, and geese and its roots provide habitat for vivipara, mussels, and other food favorites of migratory birds. The lake has unique hydrological characteristics and colloid behavior; most colloids overflow into the Yangtze River, with short hydraulic residence times 22, 23 . There are 18 protected areas in Poyang Lake, with a total area of 2006.18 km 2 designated for migratory birds and wetland ecosystem protection. The lake is an important reservoir in the main stream of the Yangtze River, and plays an important role in regulating floods and protecting biodiversity in the Yangtze River Basin.
The generic framework and guidelines of the US Environmental Protection Agency (EPA) propose the following process for ecological risk assessments: (1) derive the predicted no-effect concentration (PNEC), and (2) calculate the risk quotient (RQ), which is the ratio of the predicted environmental concentration (PEC) to the PNEC 24 . In the technical guidelines for risk assessments formulated by the European Commission, the allocation balance formula can be used to calculate the predicted no-effect concentration in sediment (PNEC sediment ) 25 . There are several reports of the PNEC or water quality criteria for PEDCs. Four species sensitivity distribution (SSD) models were used to calculate the PNEC for BPA 26 . The PNEC values for nonylphenol were also derived using SSD models and these were used to assess its ecological risk in the coastal waters of China 27 . The PNEC for BPA was derived from both acute and chronic toxicity endpoints using the SSD model and was then used to assess the ecological risk from BPA in surface waters of China 28 . Both maximum and continuous concentration criteria were derived for nonylphenol and used to assess its ecological risk to aquatic life in Chinese surface freshwater 29 .
This study aimed to investigate the distributions of NP, OP, BPA, and NP2EO in the water, sediment, and Carex cinerascens of Poyang Lake and use these to assess the ecological risk. The SSD model was used to estimate the HC 5 and PNEC water values for NP, OP, BPA, and NP2EO. According to the distribution equilibrium method 
Results and Discussion
Distributions of NP, OP, BPA, and NP2EO in the water, sediment, and Carex cinerascens of Poyang Lake wetland. The concentrations of NP, OP, BPA, and NP2EO in water, sediment and Carex cinerascens samples from twenty-eight sampling sites of the Poyang Lake wetland are shown in Table 1 . For comparison, the range (mean) concentrations of NP, OP, and BPA in the surface waters and sediment of lakes and rivers of China are shown in Supplementary Information Table S9 . All four PEDCs were ubiquitous. Average NP concentrations in the water, sediment, and Carex cinerascens samples were 1.468 ± 0.531 ng/L, 2.247 ± 1.273 ng/g, and 0.504 ± 0.178 ng/g, respectively. Average OP concentrations were 2.967 ± 1.409 ng/L, 2.247 ± 1.273 ng/g, and 0.201 ± 0.097 ng/g, respectively and average BPA concentrations were 40.49 ± 18.42 ng/L, 9.840 ± 3.149 ng/g, and 3.25 ± 1.40 ng/g, respectively. The concentrations of NP and OP in the water of the Poyang Lake wetland were significantly lower than those in Lake Taihu, Dianchi Lake, and other rivers in China 13, 17, [30] [31] [32] [33] . This may be because some pollutants are removed by exchanged water and the water exchange speed is higher in Poyang Lake than in Lake Taihu and Dianchi Lake 22, 34 . The BPA concentration in the water of the Poyang Lake wetland was similar to that of Lake Taihu, Dianchi Lake, and other rivers in China. Notably, the concentrations of NP, OP, and BPA in the waters of the Pearl River Delta region were found to be significantly higher than those in other regions of China, which may be attributable to the Pearl River coast being the most economically developed area in China, with the largest population density and high consumption of detergents 15, 19, 30 . The concentrations of NP, OP, and BPA in the sediment of Poyang Lake wetland were significantly lower than those in other regions of China. Average NP2EO concentrations in the wetland were 3125.9 ± 478.1 ng/L, 650.0 ± 209.9 ng/g, and 275.8 ± 59.0 ng/g in the water, sediment, and Carex cinerascens samples, respectively. Due to the high water-exchange speed, the Spatial ecological risk of Poyang Lake wetland. The spatial RQ values for BPA and NP2EO in the water and sediment of Poyang Lake wetland are shown in Fig. 4 . The ecological risk from BPA in Gan River (Y9), Xiu River (Y10), Fu River (Y16), Xin River (Y19), and Rao River (Y24)-the five main tributaries of Poyang Lake-was low in water and high in sediment; the ecological risk of NP2EO was high in both water (except for Fu River) and sediment (except Xiu River). The average RQ values were 1.25 for NP2EO in water, 0.74 for BPA in sediment, and 1.764 for NP2EO in sediment, indicating high ecological risk for input water to Poyang Lake. In Poyang Lake Wetland Park (Y25-Y28), the ecological risk from BPA was low in water and high in sediment, except for Baishazhou (Y28); the ecological risk from NP2EO was high in both water and sediment. The www.nature.com/scientificreports www.nature.com/scientificreports/ average RQ values were 1.504 for NP2EO in water, 1.264 for BPA in sediment, and 2.827 for NP2EO in sediment. Surrounding non-point pollution from rural areas and sewage wastewater are the likely cause for the high ecological risk.
In Jiangxi Poyang Lake National Nature Reserve (Y4-Y6, Y11), the ecological risk from BPA was low in water and high in sediment, except for in South Lake (Y6); the ecological risk from NP2EO was high in water and sediment, except for in Gongqingcheng (Y5). The average RQ values were 1.264 for NP2EO in water, 1.212 for BPA in sediment, and 2.548 for NP2EO in sediment. The high ecological risk may be due to the location of Jiangxi Poyang Lake National Nature Reserve at the convergence of the main branches of the Gan and Xiu Rivers; the reserve is also surrounded by Nanchang (which had an urban population exceeding 2 million in 2018, http://www.nc.gov. cn/), Anyi, Yongxiu, Gongqingcheng, De'an, and other cities. In Junshan Lake and Chenjia Lake (Y12-Y15), the ecological risk from BPA was low in water and high in sediment, except for in Junshan Lake (Y13); the ecological risk from NP2EO was high in both water (except in Sanlixiang (Y12)) and sediment. The average RQ values were 0.82 for NP2EO in water, 1.506 for BPA in sediment, and 2.124 for NP2EO in sediment. In the Kangshan area (Y21-Y23), BPA and NP2EO in the sediment were at high ecological risk levels, with averages of 2.764 and 2.149, respectively. Construction of dykes can alter hydrologic factors such that water exchange times are longer and water flow is slower. This may explain the high ecological risk from NP2EO in Zhu Lake, Junshan Lake, Chenjia Lake, and Kangshan, which are isolated from Poyang Lake by dykes. The particularly high ecological risk from NP2EO (RQ = 13.09) at Jishan (Y7) may be related to its proximity to Duchang city. Similarly, Xingzi (Y3) is also located close to Xingzi city, resulting in high ecological risk (except for BPA in water). Although the concentrations of NP and OP in water, and NP in Carex cinerascens at Liaonan (Y4) were higher than those at other sites, www.nature.com/scientificreports www.nature.com/scientificreports/ they were still lower than those of other lakes in China 13, 32 and the ecological risk was still very low. The concentrations of NP2EO in the water of Sanlixiang (Y12) and NP in the sediment of Baishazhou (Y28) were similar. The ecological risk from NP2EO in Gan River (Y9) was high, which may be attributable to the high consumption of detergents near the Gan River coast, the most developed area in Jiangxi province. The high ecological risk from BPA in Carex cinerascens from the Fu River Tributary (Y17) may be due to the fact that there are some small plastic factories upstream (http://www.ncx.gov.cn/articles/2019/05/14/577160.shtml), however, the risk was still lower than in other lakes of China 13, 14, 32, 39 . The high ecological risk from NP2EO may be due to the fact that the Poyang Lake basin (162 200 km 2 ) covers 97% of the area of Jiangxi Province, and sewage produced by the consumption of household products by 46.2 million people (2017), converges in Poyang Lake (http://www.jiangxi. gov.cn/). In the water, sediment, and Carex cinerascens of Poyang Lake wetland, the high ecological risk from BPA and NP2EO may cause harm to some organisms, especially migratory birds, which warrants further investigation.
conclusions
The distributions of NP, OP, BPA, and NP2EO in the water, sediment, and Carex cinerascens of Poyang Lake and their ecological risk were investigated. The four PEDCs were ubiquitous. This study adopted the SSD methodology to derive PNEC water and PNEC sediment values for NP, OP, BPA, and NP2EO. The RQ method was used to quantify ecological risk. The ecological risk from NP and OP in the water, sediment, and Carex cinerascens from all sampling sites was low. The ecological risk from BPA was low in the water and high in the sediment and Carex cinerascens, while that of NP2EO was high in the water, sediment, and Carex cinerascens. The ecological risks from BPA and NP2EO in the five main tributaries of Poyang Lake were high indicating a high ecological risk in the input waters to Poyang Lake. In Poyang Lake Wetland Park, Jiangxi Poyang Lake National Nature Reserve, and other lakes, the ecological risks from BPA and NP2EO were high, which may cause harm to organisms, especially migratory birds.
Methods
Ecological risk assessment procedure based on SSDs. The SSD process was carried out according to the work of Gao et al. 27 and involved (1) screening of toxicity data; (2) selection of a distribution model and fitting SSD curves; (3) calculating values for HC 5 (hazardous concentration for 5% of species) and PNEC; and (4) describing the ecological risks. Chronic toxicity data [no observed effect concentrations (NOEC) or lowest observed effect concentrations (LOEC)] were screened from the US EPA ECOTOX database (http://cfpob.epa. gov/ecotox) following the EU technical guidance document 25 . Selected toxicity data for NP, OP, BPA, and NP2EO for freshwater are listed in the Supplementary Information Tables S1-S4, respectively. Additional toxicity data published in recent years were used that were not available for previous studies 27, 30 . A sigmoid distribution was selected for constructing the SSD model. The probability distribution function and cumulative distribution function of the sigmoid distribution are shown in Supplementary Information S5.
Calculation of HC5, PNEC water , and pnec sediment . HC 5 is the concentration expected to be hazardous to 5% of the species in an ecosystem 40 . According to the assessment factor methods in the EU technical guidance document 25 , to calculate the values of PNEC water , HC 5 is divided by an appropriate assessment factor (AF). The AF is commonly between 1 and 5, reflecting the uncertainty of the data. In this study, the AF value was set as 3, based on the number of species tested, quantity and quality of the toxicity data, and model goodness of fit.
PNEC sediment was calculated from PNEC water according to the distribution equilibrium method in the EU guidance document 25 . The following formula, which is based on equilibrium partitioning theory, was applied: where K susp-water is the partition coefficient of suspended matter water (L/L); RHO susp is the bulk density of wet suspended matter (g/L); PNEC water is the predicted no effect concentration in water (μg/L); and PNEC sediment is the predicted no effect concentration in sediment (μg/g).
Characterization of ecological risks. The risk quotient (RQ) was calculated from the ratio of predicted environmental concentrations (PEC) to PNEC values, and was used to determine the ecological risk 41 . Due to a shortage of detailed geographic distribution data for the usage and discharge amounts of PEDCs in Poyang Lake wetland, the measured environmental concentrations (MEC) were used to represent the predicted environmental concentrations. Risk levels were low, medium, or high for RQ values of <0.1, 0.1-1.0, and ≥1, respectively.
Sampling and analysis of PEDCs. Sample collection locations were identified using a global positioning system ( Fig. 1 , with detailed coordinates shown in the Supplementary Information Table S6 ). The sampling sites were located in the Poyang Lake Wetland Park (Y25-Y28), Jiangxi Poyang Lake National Nature Reserve (Y4-Y6, Y11), five main tributaries of Poyang Lake (Y9, Y10, Y16, Y17, Y19, Y24), typical wetland lakes (Y12-Y15, Y18, Y20-Y23), typical wetlands (Y2, Y3, Y7, Y8), and the entrance of Poyang Lake into the Yangtze River (Y1). Surface water (0-1.0 m), sediment samples (0-0.15 m), and Carex cinerascens samples were collected from 28, 26, and 20 sites, respectively, in Poyang Lake in the dry season (October to February), according to sampling specifications. PEDCs were extracted from the water, sediment, and Carex cinerascens samples by ultrasound using dichloromethane, derivatised with N, O-bis(trimethylsilyl) trifluoroacetamide. The details of the extraction, clean up, and derivatization of PEDCs in water and Carex cinerascens are shown in Supplementary Information S7. Sediment samples were freeze-dried using a vacuum freeze dryer (FD-1B-50, Shanghai Bilon Instrument Manufacturing Co. Ltd., Shanghai, China), and then homogenised with a stainless steel spoon, placed into pre-cleaned brown glass bottles, and finally stored at 4 °C. Sediment samples (2.0 g) were mixed in a conical bottle with 5 mL of 0.1 mol/L HCl, and pH values < 1.0 were adjusted. Next, 10 mL dichloromethane (DCM) was added,
